Resistance to insecticides through enhanced metabolism is a worldwide problem. The 3 1 Cyp6g1 gene of the vinegar fly, Drosophila melanogaster, is a paradigm for the study of 3 2 metabolic resistance. Constitutive overexpression of this gene confers resistance to several 3 3 chemical classes of insecticides, including the neonicotinoids exemplified by the insecticide 3 4
the presence of at least one other metabolic gene capable of producing these IMI metabolites 1 0 0 in this insect. Microbial degradation of IMI.
Nitro-reduction of IMI is a biotransformation 1 0 3 mechanism commonly found in soil bacteria 26, 27 . In testing the hypothesis that the IMI-NH 1 0 4
and IMI-NNO metabolites previously observed in D. melanogaster 35 are produced by gut 1 0 5 microbes, we examined the levels of these metabolites in axenic and non-axenic control Neither IMI-NNO nor IMI-NH was detectable in axenic or control larvae exposed to 1 0 8
IMI, but these metabolites were detected in the media in which both types of larvae were 1 0 9
exposed. Significantly, the levels were 5 times lower in the media in which axenic larvae had 1 1 0 been exposed (Figure 2, A) . In contrast, there were no significant differences between the 1 1 1 levels of the oxidative metabolites, IMI-5-OH and IMI-Ole, detected in the axenic and 1 1 2 control larvae. Indeed, the levels of IMI-5-OH in the axenic larvae and their control were 2.4 respectively. Similar observations were made comparing the levels of these metabolites in the 1 1 5 media in which the axenic and control larvae were exposed (Figure 2 , B and C). IMI-diol and 1 1 6 IMI-de metabolites were not detected at these experimental conditions. 1 1 7
The metabolites produced by CYP6G1. Previous studies have shown that in vivo over-expression of Cyp6g1 in metabolic tissues of 1 2 0 D. melanogaster using the GAL4/UAS system leads to increased production and excretion of 1 2 1 IMI-5-OH, IMI-Ole, IMI-diol and IMI-de metabolites 35 , thus associating the action of 1 2 2 CYP6G1 to the metabolism of IMI. However, it is still unknown which of these reactions are 1 2 3 actually catalysed by CYP6G1 in vivo. In order to clarify the pathway of IMI metabolism and 1 2 4 1 5
The 60 min time point marks a noteworthy change in the trends observed for IMI-5-3 1 6
OH and IMI-Ole levels in the HR_Cyp6g1 strain ( Figure 4C -F). Rapid metabolism of IMI in 3 1 7
the first 60 mins of exposure, observed as increase of IMI-5-OH and IMI-Ole, is 3 1 8
accompanied by a proportional amount of these metabolites being released into the media. After 60 mins, the production of IMI-5-OH and IMI-Ole slows down in the body with not 3 2 0 sensitive change while excretion continues at a high efficiency. This process is visible after 6 3 2 1 hrs of exposure of the HR_Cyp6g1 strain to either IMI or IMI-5-OH. While similar levels of 3 2 2 IMI-Ole can be detected for both chemical used, 4 and 13 times more IMI-Ole is excreted by 3 2 3 this strain upon exposure to IMI and IMI-5-OH respectively (Figure 3 ).
2 4
A similar metabolic trend is observed with the over-expression of Cyp6g1 in the CNS 3 2 5
( Figure 5 ). Significant levels of IMI-5-OH and IMI-Ole observed after 15 mins in the 3 2 6
Elav_Cyp6g1 larvae indicate that IMI can reach the CNS in a relatively short time where it is strains, the significantly higher levels of IMI-5-OH and IMI-Ole observed after 60 mins 3 3 0
indicate that metabolites produced in the CNS are excreted out of the larvae. For this to 3 3 1 occur, metabolites produced in the CNS must cross the blood brain barrier, diffuse into the 3 3 2 hemolymph and reach the malpighian tubules for excretion into the media. As the production 3 3 3
of IMI-Ole is not catalysed by CYP6G1, it is not clear whether it is produced in the CNS or 3 3 4 not.
5
Although resistance is attributed to the over-expression of Cyp6g1, CYP6G1 does not 3 3 6
actually detoxify IMI. It rather produces IMI-5-OH, which leads to the production of IMI- Ole. Both metabolites are toxic in D. melanogaster and are likely to bind to at least one 3 3 8 nAChR subunit targeted by IMI (Supplementary Figure S3 ). That these metabolites are less 3 3 9 toxic than IMI in D. melanogaster could be explained if they are less able to enter the CNS, devoted to identifying the specific transporters involved in moving insecticides/metabolites 3 5 7 between tissues to the point of excretion.
3 5 8
Finally, the analysis of a Cyp6g1 knock-out mutant revealed the presence of show that the increased susceptibility to IMI observed with the RAL_517-Cyp6g1KO (Supplementary Figure S4 ). However, the persistence of IMI-5-OH and IMI-Ole metabolites 3 6 6
in the RAL_517-Cyp6g1KO strain, albeit at lower levels, indicates that one or more 3 6 7 metabolic enzymes can contribute to the metabolism of IMI. That the same metabolites 3 6 8
normally produced by Cyp6g1 are detected suggest that a P450 may be involved in this 3 6 9
enzymatic conversion, possibly one closely related to Cyp6g1 52 . Cyp6g2 is one candidate. CNS would be likely to confer insecticide resistance, in the absence of significant fitness 3 7 5
costs. Candidate genes can be readily tested with controlled gene overexpression 21 and their 3 7 6
role in insecticides metabolism can be assessed using LC-MS. and [ 13 C 6 ]-IMI (>99% isotopic purity; >97% total purity) were obtained from AK Scientific of Cyp6g1 was used to identify and monitor metabolites produced by CYP6G1. Over-3 9 2 expression was achieved by crossing the 5'HR_GAL4 Hikone R (Accord) driver line 53 or the (UAS_Cyp6g1-86FB × Elav_GAL4 referred to as Elav_Cyp6g1). A control genotype, differing only in Cyp6g1 tissue-specific expression levels, was generated by crossing the 3 9 8
5'HR_GAL4 and Elav_GAL4 driver lines to the Φ86FB genotype 54 referred to as 3 9 9
HR_Φ86FB and Elav_Φ86FB respectively. Flies were reared at 25 °C and raised in bottles 4 0 0 filled with rich media food (Supplementary, Table S1 ). were collected and sterilized using a dilute solution of bleach (2.5% v/v) for 2 mins, followed chloramphenicol, respectively. The glass vials used for the exposure, the lysing matrix tubes, 4 1 1 and the different solutions of sucrose used in the experiment were autoclaved before use. were gently transferred onto a mesh, rinsed with more sucrose solution and counted under a 4 1 7 microscope to ensure that only early third instar larvae were used in the experiments. For prepared. Larvae were exposed to a fresh solution of 50:50 ratio of 12 C 6 and 13 C 6 -IMI (total Bretonneux, France) operated at -10°C. IMI and its metabolites were then extracted using 4 2 7 ethyl acetate. The extraction was repeated three times and the fractions combined in 2.0 mL 4 2 8
tubes and evaporated to dryness under vacuum. 
